We have determined the molecular and crystal structure of 4,5-dibromo-2,7-di-tbutyl-9,9-dimethylxanthene and measured the 1 H spin-lattice relaxation rate from 87 to 270 K at NMR frequencies of /2 = 8.50, 22.5, and 53.0 MHz. All molecules in the crystal see the same intra and intermolecular environment and the repeating unit is half a molecule. We have extended models developed for 1 H spin-lattice relaxation resulting from the reorientation of a t-butyl group and its constituent methyl groups to include these rotors and the 9-methyl groups. The relaxation rate data is well-fitted assuming that the t-butyl groups and all three of their constituent methyl groups, as well as the 9-methyl groups all reorient with an NMR activation energy of 15.8 ± 1.6 kJ mole . Only intramethyl and intra-t-butyl intermethyl spinspin interactions need be considered. A unique random-motion Debye (or BPP) spectral density will not fit the data for any reasonable choice of parameters. A distribution of activation energies is required.
1
H spin-lattice relaxation resulting from the reorientation of a t-butyl group and its constituent methyl groups to include these rotors and the 9-methyl groups. The relaxation rate data is well-fitted assuming that the t-butyl groups and all three of their constituent methyl groups, as well as the 9-methyl groups all reorient with an NMR activation energy of 15.8 ± 1.6 kJ . Only intramethyl and intra-t-butyl intermethyl spinspin interactions need be considered. A unique random-motion Debye (or BPP) spectral density will not fit the data for any reasonable choice of parameters. A distribution of activation energies is required.
Introduction
The motion of nuclear spins modulates their nuclear spin-spin (dipole-dipole) interactions and this results in the relaxation of an excited nuclear spin system. As such, the observed nuclear magnetic resonance (NMR) spin-lattice relaxation rate can be related to models of the motion. We have developed dynamical models for the case where the motion is the reorientation of t-butyl groups and their constituent methyl groups on planar aromatic molecules [1] . These intramolecular reorientations are the only motions on the NMR time scale in these types of molecular solids. (The NMR timescale in the experiments reported here is approximately 10 -12 to 10 -5 s; 6-8 orders of magnitude.) The molecular structure in this class of compounds, as determined by X-ray diffraction experiments, show the t-butyl groups oriented such that one methyl group is in the aromatic plane, or nearly so, and two methyl groups are out of the plane [1] . The in-plane methyl group reorients at the same rate as the t-butyl group, whereas the two out-ofplane methyl groups usually reorient more rapidly, though in some cases, like that reported here, a very simple model can be used whereby all four rotors reorient at the same rate [2] . An important aspect of the mathematical models used to interpret the observed spin-lattice relaxation rates is that the number of rotors reorienting on the NMR time scale are properly accounted for. (Many publications in this field ignore modeling the absolute magnitude of the relaxation rate.) That is, one can easily see if, for example, one of the methyl groups is not reorienting on the NMR time scale. As such, we seek to test the robustness of the model to include some rotor or rotors in addition to the four rotors in a t-butyl group. The simplest extension is to have an additional methyl group and, to that end, we present an investigation of 4,5-dibromo-2,7-di-t-butyl-9,9-dimethylxanthene in this paper. We have determined the molecular and crystal structure using X-ray diffraction (Figs. 1 and 2) and we find that the simplest possible version of our extended model correctly accounts for the two additional methyl groups (i.e., not in tbutyl groups). In addition, as perhaps might have been expected from the high degree of molecular symmetry (Fig. 1) , the two 9-methyl groups in this molecule have, to within the uncertainties resulting from both the experimentally and theoretically modeled parameters, the same barrier as the out-of-plane methyl groups in the t-butyl groups.
Spin-Lattice Relaxation Theory Review
The X-ray diffraction data show that there is a mirror plane perpendicular to the plane of the page in figure 1b (Z / = ½) and we assume that the two t-butyl groups are 4 "equivalent," as are the two 9-methyl groups. Equivalent, here, means that they have the same intra-and inter-molecular environment and that their motion will be described by the same dynamical equations. The 1 H spin-lattice relaxation rate is taken to be
with the relaxation rate resulting from the reorientation of the t-butyl groups and their constituent methyl groups given by [1] 
and the relaxation rate resulting from the reorientation of the 9-methyl groups given by
All the parameters are discussed below. Eqn. 2 accounts for the relaxation resulting from the modulation of the intra-t-butyl intramethyl spin-spin interactions by methyl group reorientation and the relaxation resulting from the modulation of the intra-t-butyl, intermethyl spin-spin interactions by t-butyl reorientation. The latter is accounted for by condensing the three proton spins of each of the three methyl groups to the center of their respective triangles. This allows us to keep the model very simple; the K values in Eqn. 2 involve fixed distances that can be expressed in convenient closed algebraic forms [1] . The relaxation resulting from the modulation of intermethyl spin-spin interactions by methyl group reorientation is not accounted for. The justification for this model is that it fits the data very well and provides a simple conceptual interpretation of the relationship between the reorientations and the nuclear spin relaxation. We note also that the theoretical K values with which the fitted K values will be compared have, themselves, approximately ±10% uncertainties. These are indicated below. The difference between our simplified theoretical model and one that would properly account for the modulation of the intermethyl spin-spin interactions resulting from both methyl and t-butyl group reorientation is well below this 10% level.
From an equilibrium structural perspective, the two 9-methyl groups look very much like the two out-of-plane methyl groups in a t-butyl group. These two methyl groups differ dynamically from the out-of-plane methyl groups in a t-butyl group in that there is no superimposed reorientation. At the level of the model outlined above for the t-butyl group, we assume that the magnitude of the additional relaxation resulting from the modulation of the spin-spin interactions between the protons on the two 9-methyl groups due to methyl group reorientation is considerably below the level of accuracy needed.
In Eqns. 2 and 3,  = B is the NMR (Larmor) angular frequency for magnetic field B and proton magnetogyric ratio . Numerical values for these parameters are presented in the Experimental Section.
The additive form of the relaxation rate in Eqn. 1 assumes that 9-methyl group reorientation is independent of (i.e., uncoupled from) the coordinated four reorientations involving the t-butyl groups. The smallest distance between a 9-methyl proton and a tbutyl proton is approximately 0.5 nm, compared with the intramethyl proton-proton distance of approximately 0.18 nm which sets the scale. The spin-spin interaction strength is proportional to r -6 for proton-proton distance r and (0.5/0.18) -6 = 0.002 so the "direct" through-space interactions between t-butyl group protons and 9-methyl group protons are negligible. All reorientations distort the molecule slightly when the rotors go through transition states but we assume that this effect is small. Given the simplicity of our model and the uncertainties determined for the barrier heights, when theoretical and experimental uncertainties are both factored in, this is a reasonable assumption.
In Eqns. 1 and 2,
where the two terms account for single and double spin flips in the relaxation process [4] .
The spectral density j w,t ( ) is discussed below. There are 
In turn, these mean times between hops are modeled by an Arrhenius relationship;
for i = b, c, m. The NMR activation energy is E i and the "infinite temperature mean time between hops" (a.k.a. the preexponential factor) is t ¥i . The NMR activation energy is related to the barrier height in the Conclusions Section. A convenient benchmark for t ¥i is the simple harmonic model [5] ;
where I is the moment of inertia of the reorienting group (methyl or t-butyl). When We can calculate K intra in Eqn. 3 assuming that only the six spin-spin dipole-dipole interactions involving the three protons in a methyl group are involved [3] . We call this computed value ˜ K intra which is given by ,
for proton magnetogyric ratio = 2.675 X 10 8 s
where is the magnetic constant), and proton-proton separation r = 0.1765 nm in a methyl group. In previous works [1, 3] , we used an H-H distance of r = 0.1797 nm which assumed an idealized tetrahedral geometry with idealized CH bond lengths. However, recent electronic structure calculations [6] suggest that the lower value is more appropriate.
Although this is only a 1.8% change in r, 
K are fixed and treated as a single adjustable parameter.
There are, then, three mean times between hops in the perfect crystal; If all molecules are truly equivalent (as suggested by the X-ray study, which uses a small single crystal), then the correlation functions for the three motions will be g(t, methyl groups. However, as shown below, the spectral density in Eqn. 8 cannot be used to fit the data for any choices of the adjustable parameters discussed above, regardless of how many. This is independent of the modeling of  such as in Eqn. 5. The failure of the unique-correlation time spectral density in Eqn. 8 lies solely in it's frequency dependence at low temperatures. As such, we use the Davidson-Cole spectral density [7] ,
with L t,t DC ,e ( ) = sin e p ( )
which gives
The parameters 
Experiments
The X-ray diffraction experiments were performed in the Chemistry Department at Villanova University. A single colorless needle (0.07 X 0.09 X 0.17 mm) was mounted using
Paratone® oil onto a glass fiber and cooled to the data collection temperature of 100 K. and -0.416 e/Å 3 resulting from heavy atom noise around the bromine atom. The molecular structure in the solid is shown in Fig. 1 and the crystal structure is shown in Fig.   2 . 
Results
The X-ray results (Figs. 1 and 2) show that all molecules are equivalent and that the repeating structure is half a molecule. There are two maxima in ln R versus T -1 in Fig. 3 and therefore (at least) two distinct dynamical processes. We assume that the high- , these values of
intra imply that the out-ofplane methyl groups in the t-butyl groups and the two 9-methyl groups are dynamically identical, within the uncertainties in these parameters. This is consistent with the molecular geometry (Fig. 1) . It also suggests that intermolecular spin-spin interactions can be neglected. This is consistent with the crystal structure (Fig. 2) . Finally, Fig. 3 shows the result, at 53.0 MHz, of turning the 9-methyl groups off.
Noting the overall fit is perhaps less important than noting the relative height of the two maxima in ln R versus T -1 . For two maxima with this spacing in T -1 , the considerably higher, low-temperature ln R versus T -1 maximum is a clear indication that we are seeing a motion that is in addition to the motion of a t-butyl group and its three constituent methyl groups. The ln R versus T -1 observed here can be compared with a system where there are no methyl groups not in t-butyl groups [1] . Finally, a better fit of the relaxation rate data presented in Fig. 3 can certainly be obtained by relaxing the condition E DCb = E DCc = E DCm (which will affect all other parameters) but this seems an unjustified over analysis of the data, given the achieved level of "goodness of fit."
In summary, only four adjustable parameters are required to provide a reasonable fit of the entire R versus T 
Conclusions
We have observed the temperature and NMR frequency dependence of the interactions by the reorientations and we find that the assumption that only intra t-butyl spin-spin interactions, and, for the 9 methyl groups, only intramethyl spin-spin interactions, are involved, is consistent with the data.
Seeking the simplest possible model that is consistent with the data, we find that the reorientation of the t-butyl groups, their three constituent methyl groups, and the 9-methyl groups are all characterized by the same NMR upper-limit cutoff activation energy of 15.8 ± 1.6 kJ
. The model suggests that this activation energy characterizes the "perfect crystal" environment. The model does predict a small distribution of activation energies to values smaller than this cutoff value. Given that NMR activation energies can be between zero and 20% smaller than rotational barriers V for methyl groups with activation energies in this range [9, 10] , we conclude that the "perfect crystal" barrier for these motions is V = 17.4 ± 3.2 kJ mole -1
. The dynamical model for the rotors in this system is elegant in its simplicity. This barrier is not a meaningful parameter for the in-plane methyl groups in the t-butyl group since they are locked into a geared reorientation with the t-butyl group. Or, put another way, the t-butyl group and the in-plane methyl group must be considered a single superimposed reorienting unit. Usually, in systems like that studied here, the out-of-plane methyl groups in the t-butyl group have a lower barrier than the t-butyl group and its in-plane methyl group, the latter being determined by intermolecular interactions. In this case, however, they can be all taken to be the same.
That the 9-methyl groups have the same barrier as the t-butyl groups' out-of-plane methyl groups (within the uncertainties quoted) is not surprising given that the intramolecular environments are very similar and that there are no unusually close intermolecular neighbors.
The molecular and crystal structure (determined using a small single crystal) suggests that all molecules are in the same environment. This suggests that the 1 H nuclear spinlattice relaxation rate should be modeled by an exponential correlation function g(t) = exp(t/) for mean time between hops (or correlation time) . This leads to the Poisson (also called the Debye or the BPP or the unique-correlation time) spectral density.
However, the proton spin-lattice relaxation rate measurement are performed with a large polycrystalline sample. Fitting the relaxation rate data requires the use of a single parameter in addition to those found in the Poisson model. This parameter is uniquely determined by the NMR frequency dependence of the relaxation rate at low temperatures.
The simplest model that involves this parameter is the Davidson-Cole spectral density which finds widespread use in the modeling of both nuclear spin relaxation and dielectric relaxation experiments [7] . One interpretation of this model is that there is a distribution of reorientational barriers with the additional parameter characterizing the width of the The general model of nuclear spin relaxation for spin-1/2 systems, the BlochWangsness-Redfield model [4, [11] [12] [13] [14] , which provides the basic relaxation equations, is very robust. It seems to work in all cases where it is tested. Here, we have extended this model to a case that has different kinds of rotors, in this case, t-butyl groups with their constituent methyl groups, and other non-t-butyl group methyl groups. We are continuing this study in systems that have non-t-butyl group rotors with quite different barriers than those studied here.
This work presents both X-ray diffraction and NMR relaxation studies. The structure determined from X-ray diffraction studies places considerable constraints on the models used to fit the NMR relaxation experiments. We have previously included ab initio electronic structure calculations of methyl group barriers in clusters of molecules based on the X-ray structures for the case of methyl groups [6] . We are currently extending these electronic structure calculations to the much more difficult and computationally demanding case of reorientation barriers for t-butyl groups and their constituent methyl groups.
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